Objective: Autoimmune polyendocrine syndrome type 1 (APS1) is a rare autosomal recessive disorder characterized by progressive organ-specific autoimmunity. There is scant information on APS1 in ethnic groups other than European Caucasians. We studied clinical aspects and autoimmune regulator (AIRE) gene mutations in a cohort of Indian APS1 patients. Design: Twenty-three patients (19 families) from six referral centres in India, diagnosed between 1996 and 2016, were followed for [median (range)] 4 (0.2-19) years. Methods: Clinical features, mortality, organ-specific autoantibodies and AIRE gene mutations were studied. Results: Patients varied widely in their age of presentation [3.5 (0.1-17) years] and number of clinical manifestations [5 (2-11)]. Despite genetic heterogeneity, the frequencies of the major APS1 components (mucocutaneous candidiasis: 96%; hypoparathyroidism: 91%; primary adrenal insufficiency: 55%) were similar to reports in European series. In contrast, primary hypothyroidism (23%) occurred more frequently and at an early age, while kerato-conjunctivitis, urticarial rash and autoimmune hepatitis were uncommon (9% each). Six (26%) patients died at a young age [5.8 (3-23) years] due to septicaemia, hepatic failure and adrenal/hypocalcaemic crisis from non-compliance/unexplained cause. Interferon-α and/or interleukin-22 antibodies were elevated in all 19 patients tested, including an asymptomatic infant. Eleven AIRE mutations were detected, the most common being p.C322fsX372 (haplotype frequency 37%). Four mutations were novel, while six others were previously described in European Caucasians. Conclusions: Indian APS1 patients exhibited considerable genetic heterogeneity and had highly variable clinical features. While the frequency of major manifestations was similar to that of European Caucasians, other features showed significant differences. A high mortality at a young age was observed.
Introduction
Autoimmune polyendocrine syndrome type 1 (APS1) is a rare and potentially life-threatening genetic disorder resulting from homozygous or compound heterozygous mutations in the autoimmune regulator (AIRE) gene (OMIM phenotype #240300) (1, 2) . It is diagnosed by the presence of at least two of three major components: chronic mucocutaneous candidiasis (MCC), hypoparathyroidism (HP) and primary adrenal insufficiency (PAI) (3, 4, 5, 6, 7) . In addition, it is characterized by progressive autoimmune involvement of multiple other tissues and ectodermal dystrophies (3, 4, 5, 6, 7) and autoantibodies against a broad range of antigens in affected tissues (5, 6, 7, 8, 9) . The clinical features and severity of APS1 vary widely among individual patients and even among siblings (3, 4, 5, 6, 7) .
AIRE is expressed primarily in thymic medullary epithelial cells, where it regulates expression of tissuerestricted peripheral antigens and subsequent negative selection of self-reactive T-cells (10) . The AIRE gene consists of 14 exons, with 122 different pathogenic mutations being described in patients with APS1 (Human Gene Mutation Database; http://www.hgmd.cf.uk/, accessed December 2, 2016). The frequency of APS1 is highest among communities with genetic homogeneity, such as Finns (3), Sardinians (11) and Iranian Jews (12) , where specific founder mutations have been described. In contrast to Finn and Sardinian patients who have null mutations leading to a severe phenotype, Iranian Jews have a missense mutation (p.Y85C), which may explain their milder phenotype (infrequent MCC and PAI) (12) .
The vast majority of studies on APS1 are in Caucasians of European origin, and data on other ethnic groups are scarce, consisting mainly of case reports (13, 14, 15) . The Indian population is genetically complex, with ancestral gene pools, admixture due to migration and endogamy along lines of caste and sub-caste (16, 17) . In addition, consanguinity is frequent in some communities (16) . These features are likely to result in complex genetic associations, including the possibility of founder mutations within endogamous communities (16) . In addition to AIRE mutations, socio-economic and environmental factors may affect the clinical spectrum and prognosis of the disorder. There is currently little information on APS1 in Indian patients (18, 19, 20, 21) . In an earlier study of nine Indian patients, we described five different AIRE mutations, of which two were novel (20) .
In the current study, we report on the spectrum of clinical features, mortality, organ-specific autoantibodies and AIRE mutations in a longitudinally followed cohort of 23 Indian patients with APS1.
Materials and methods

Patients and controls
We enrolled 23 patients (19 families) with APS1 [(median age 14 years; range 0.5-30 years); 12 males], diagnosed between 1996 and 2015. The study comprises 11 patients presenting to our referral hospital in the north Indian city of Lucknow, and 12 patients from five academic centres in different regions of the country ( Supplementary Fig. 1 , see section on supplementary data given at the end of this article). We included nine patients we reported in 2006 (20) , whose additional data over the next 10 years are presented (patients 15-23, Supplementary Table 1) . Nineteen patients were of Indo-European, and four were of Dravidian ethno-linguistic ancestry. A history of consanguinity was present in 10 (53%) families. The patients were followed prospectively for 4 (0.2-19) years. Informed written consent was obtained from patients or their parents, and the study was approved by the institutional ethics committee.
The diagnosis of APS1 was made if any two of three major manifestations viz. MCC, HP or autoimmune PAI were present. In family members, a single feature was sufficient for diagnosis. A 5-month-old asymptomatic infant, diagnosed by genetic screening, was included. All patients were initially evaluated by a consultant paediatrician/endocrinologist at each centre. A common protocol was used to record data at all sites. The diagnosis of components of APS1 was made by clinical evaluation and biochemical, endocrine, radiological and antibody testing, as previously described (3, 4; Supplementary Table 2 ). In addition, previous records were evaluated, and relevant consultations were obtained. PAI was managed with physiological replacement doses of oral prednisolone and fludrocortisone; oral MCC with local clotrimazole, and pharyngeal infection with oral/intravenous fluconazole; and HP with high-dose oral calcium and calcitriol. All patients and/or their care-givers were repeatedly advised about stress dosing. Patients were followed at intervals of 6-12 months in their respective hospitals. Adequate treatment of disease components was assessed at each visit, and testing for new manifestations was conducted annually. All patients were finally evaluated in the clinic or contacted telephonically between March and September 2016.
Detection of autoantibodies
Antibodies were measured in 19 patients. IFN-α2 antibody was tested by a competitive europium-based timeresolved fluorescence assay in 17 subjects (22) and by a radioligand binding assay in 2 patients (23) . Antibodies to glutamic acid decarboxylase (GAD), tyrosine phosphatase (IA2), 21-hydroxylase (21-OH), interleukin-22 (IL-22), side-chain cleavage (SSC), tryptophan hydroxylase (TPH), cytochrome P4501A2 (CYP1A2), potassium channel regulator (KCNRG), bacterial/permeability-increasing fold-containing B1 (BP1FB1) and transglutaminase 4 (TGM4) antigens were measured by radioligand binding assays (24) . Gastric parietal cell and liver/ kidney/ microsomal type 1 antibodies were detected using indirect immunofluorescence (AESKU Diagnostics, Wendelsheim, Germany) and thyroid peroxidase antibodies by chemiluminescence (Immulite 1000, Siemens, Germany).
AIRE sequencing
In probands, all 14 exons of AIRE gene were amplified by PCR (20, 24) . Bidirectional sequencing was conducted on an ABI3130XL analyser (Applied Biosystems), and sequences were compared with the AIRE mRNA reference sequence (NM_000383.3). In family members, the affected exon was sequenced.
The frequency of the novel AIRE mutation, c.1637G>T, was assessed in 50 healthy subjects by sequencing exon 14. The prevalence of another novel mutation, c.32T>C, was determined in 70 control subjects by PCR-RFLP. A 406-base pair (bp) region of exon 1 was amplified and cut with restriction endonuclease Dde1 (New England Biolabs, Hertfordshire, UK). The wild-type sequence gave bands of 226 and 180 bp, whereas the fragment containing the mutation remained uncut.
Statistical analysis
Continuous data were expressed as median (range). Groups were compared using Wilcoxon rank sum test or chi-square test/Fisher's exact test, as appropriate. Kaplan Meier survival analyses were used to depict onset of the three major manifestations of APS1. Analyses was performed with the statistical software package SPSS, version 21.0 (IBM).
Results
Clinical features
Clinical features were analysed in 22 symptomatic patients (Table 1, Supplementary Table 1 ). There was wide variation in the frequency and severity of manifestations, even among subjects carrying the c.967_979del13bp mutation. The median age at diagnosis was 3.5 (0.1-17) years. While 11 (50%) patients were diagnosed <3 years, in two cases, the first manifestation was after 15 years. The initial clinical finding commonly included MCC (59%) or HP (27%), though presentation with PAI, AIH, type 1 diabetes (T1DM), hypothyroidism (HT) or diarrhoea was also noted ( Table 1) . Of the patients with MCC and HP, 65% and 55%, respectively, were diagnosed <5 years of age. Patients with PAI were older when diagnosed (67% between 5 and 15 years). The diagnostic dyad was present by median age of 8.5 (0.5-17) years. All three major manifestations were present in 9 (41%) patients; of these, 4 (44%) were <10 years of age ( Fig. 1) .
The frequencies of other clinical manifestations are shown in Table 1 . The median number of manifestations/ patient were 5 (2-11) (Supplementary Table 1) and increased with duration. Among endocrine manifestations, HT was detected in 23% of subjects, at a relatively young age [16 (2-17) years]. Premature ovarian insufficiency (POI) was present in 60% of postpubertal females. No male had primary hypogonadism, though one patient had isolated hypogonadotropic hypogonadism (IHH). T1DM was detected in 2 (9%) patients, though GADA frequency was considerably higher (35%). Enteropathy (diarrhoea 27%, obstipation 5%) and vitamin B12 deficiency (21%) were the most frequent gastrointestinal features. However, autoimmune hepatitis (AIH) was uncommon, being present in 2 (9%) children (onset at 2.5 and 5 years). Of these, patient #1 (Supplementary Table 1 ) was treated with highdose oral prednisolone, followed by prednisolone and azathioprine, while patient #2 died prior to initiation of treatment. Enamel hypoplasia (EH) was present in 61% of patients. Frequent skin manifestations included vitiligo (27%) and alopecia (27%). However, urticarial skin eruptions (2 patients, 9%) were infrequent. Ocular findings were uncommon: keratoconjunctivitis (KC) and sicca syndrome in 2 patients, while one subject had pigmented retinal dystrophy (onset 21 years). One patient had suspected pneumonitis (chronic cough, reticular shadows on chest radiology and restrictive features on pulmonary testing) but was negative for KGNRG and BP1FB1 antibodies. No patient had renal tubulo-intestinal disease, early hypertension or oral/ oesophageal cancer. Unusual features included facial dysmorphism (2 patients) and buphthalmos (1 patient).
Mortality
Six (27%) patients died during a short follow-up at the age of 5 (range 4-23) years (Supplementary Table 3 ). Four patients died at home, but an autopsy report was not available for any patient. Causes included septicaemia following pneumonia in 2 patients (one patient with hyposplenism), hepatic failure (1 patient) and likely adrenal or hypocalcaemic crisis in 2 siblings due to parental negligence. A 4-year-old patient with MCC and HP, who was well during clinic visit, died suddenly at home after 1 week. Her ACTH-stimulated cortisol response was normal, though 21OH antibody was positive at 3.5 years of age. Death from undiagnosed APS1, prior to identification of the probands, was suspected in 5 families.
Autoantibodies
IFN-α and IL-22 antibodies were elevated in 95% and 89% of patients, respectively (Table 1) . Each patient was positive for at least one antibody. An asymptomatic 5-month-old infant (patient 12) with compound heterozygous AIRE mutations had elevated IL-22 antibody. Antibody against 21-OH was positive in 9/12 (75%) PAI patients and had positive predictive value (PPV) of 82%; SCC antibody was present in 8/12 (66%) patients (PPV 100%). SCC antibody identified all 3 post-pubertal females with POI. In contrast, all 3 post-pubertal males with this antibody had normal puberty. TGM4 antibody was present in 4 post-pubertal males, but was absent in pre-pubertal males and all females. Antibodies against pulmonary antigens KCNRG (n = 1) and BP1FB1 (n = 2) were infrequent.
AIRE mutations
AIRE mutations were detected in 22 patients and deduced in sibling #5. All patients had homozygous mutations, except 3 affected members of one family with compound heterozygote mutations. Eleven different mutations were noted (Fig. 2, Supplementary Table 2) , the most frequent being c.967_979del13bp (p.C322fsX372) in exon 8 [allele frequency 37%]. Patients with missense mutations (n = 9) and those with mutations resulting in premature termination (n = 13) had no differences in clinical features. Among patients from the state of Uttar Pradesh, p.C322fsX372 mutation was detected in 4 of 5 (80%) Muslim probands, but was absent in all 4 Hindu patients (exact P = 0.04). The mutation p.V80G was present in all 3 probands belonging to the small Vanika Vaisya community in Kerala. These patients had an early onset with MCC (<2 years) and multiple (5-7) clinical manifestations, including HT in 2 patients.
Four mutations in this cohort have not been previously detected in other ethnic groups. Of these, p.V80G and p.C302X have been reported by us earlier (20) . A novel mutation, p. L11P (patient #3), was located in the conserved hydrophobic region of the caspase recruitment (CARD) domain (25) . This mutation was absent in all controls. The patient had severe features with MCC and HP in infancy and 21OH antibody by 3 years. Another unreported mutation, p.X546L+59aa (patient 8), affected the terminal codon (c.1637G>T), leading to possible addition of 60 amino acids to the C-terminal portion and consequent protein instability. Both parents were heterozygous for the mutation, which was absent in controls. The patient had MCC and PAI, severe vitamin B12 deficiency and possible autoimmune pneumonitis.
Discussion
This is among the largest detailed study of APS1 in an ethnic group other than that of European Caucasian background. We noted considerable variation in the onset and severity of clinical features in this genetically heterogeneous cohort. While the frequencies of the three major manifestations of APS1 were similar to those in patients of European origin, differences were noted in other clinical features and a high mortality at a young age was present.
Despite differences in their genetic and environmental background, MCC, HP and PAI followed a similar pattern to that reported in many previous series (3, 4, 5, 6, 7, 24, 26, 27) . MCC and HP appeared earliest and had a high prevalence (85% and 70%, respectively, by 10 years), while PAI was diagnosed later and was present in three-quarters of subjects by 20 years. In contrast, other clinical features were highly variable, showing both similarities and differences with European patients. The high frequency of EH, diarrhoea, vitiligo, alopecia and POI reported in most series was also present in our cohort. However, in contrast to the genetically homogeneous patients from Finland and Sardinia, who had a high frequency of AIH (18-27%) and KC (22-36%) (4, 6), a lower prevalence (9% each) was noted in our cohort. In addition, a high frequency of HT (23%) was present in our relatively young cohort, in contrast to its absence (6) or later occurrence (4) in these two series.
We compared our patients with genetically heterogeneous cohorts where p.C322fsX372 mutation was the most common mutation e.g. series from Norway and North America. Similar to our patients, a low frequency of AIH, KC, pneumonitis and rash, along with a high frequency of HT (though with later-onset) was noted in Norwegian subjects (5) . In contrast, North American patients had a significantly higher prevalence of rash, enteropathy, gastropathy, sicca syndrome, pneumonitis and AIH (7). These differences in clinical manifestations may be due to the diversity of AIRE mutations, influence of other genetic or environmental factors or differences in screening strategies.
Despite a relatively short follow-up, nearly a quarter of the patients in this report died at a young age due to pneumonia, AIH and sudden death at home. In at least two siblings, death was preventable since parental negligence lead to possible adrenal or hypocalcaemic crises. In previous reports, mortality is reported to be 3-29% (4, 5, 6, 7, 27) . In a study of 91 Finn patients, mortality was 29%. However, the follow-up was longer than the current report (4) . While some causes of death, such as AIH, were similar to our series, others were noted only in Finn patients e.g. unexpected death in loners and oral/oesophageal cancer. In the series of Norwegian patients, 18% died during a long follow-up, mainly due to cancer or adrenal and hypocalcaemic crises (5) . The high mortality in our study is likely to be multifactorial, including difficulties in educating caregivers, lack of local medical facilities, poor knowledge of the disorder among paediatricians and, possibly, a higher risk of infections.
IFN-α and IL-22 antibodies were present in 95% and 90% of patients, respectively, confirming their value as sensitive test for APS1 in this cohort (5, 6, 7, 9, 22, 23) . IL-22 antibody was detected in a 5-month-old asymptomatic sibling, which is among the earliest diagnosis reported (28) . The frequency and significance of antibodies against 21OH, SCC, GAD and TGM4 was similar to previous reports (5, 6, 7, 8, 29) . However, in contrast to a previous report (7) , antibodies against pulmonary antigens BP1FB1 (10%) and KCNRG (5%) were uncommon, and no patient with these had evidence of pulmonary disease.
As expected from the wide ethnic diversity in India, our cohort was genetically heterogeneous with 11 different AIRE mutations. Nine mutations were detected in probands of Indo-European ethnicity (from All mutations were homozygous except for compound heterozygous mutation (p.M1V/p. R92W) in 3 members of one family. The mutation p.C322fs372X (7 probands) was the most frequent, followed by p.V80G (3 probands) and p.M1V (2 probands). All other mutations were identified in only a single proband. CARD: caspase activation and recruitment domain; NLS: nuclear localization signal; SAND: Sp100, AIRE, NucP41/75, DEAF-1 DNA-binding domain; PHD: plant homeodomain zinc finger; L: LXXLL nuclear receptor interaction motif.
north and west India), 6 of which have been reported earlier in patients of European ancestry. Among these, p.R257X, p.R139X and p.R203X are founder mutations in Finland, Sardinia and Sicily, respectively (1, 11, 30) , while p.C322fsX372 is frequent in many parts of Europe, United Kingdom and the USA (5, 7, 12, 27, 30, 31, 32) . The other mutations have been reported as isolated cases (15, 31, 32) . In contrast, both mutations (p.V80G and p.X546L+59aa) in patients from south India (of Dravidian ancestry) are not described in other ethnic groups. However, a different variation affecting the terminal codon (c.1638A>T; p.X546C+59aa) has been reported in two Finnish patients (Human Gene Mutation Database; http://www.hgmd.cf.uk/). Further studies in populations which are genetically divergent from Caucasians may reveal other novel mutations or clinical findings.
The most common mutation among our patients, present in 37% of probands, was p.C322fsX372. Interestingly, this mutation was present in 80% of unrelated Muslim probands from Uttar Pradesh, but was absent in all five Hindu patients from this state. The Muslim population in this state is highly endogamous with high consanguinity. Further study is required to confirm if this mutation arose from a single ancestral haplotype or originated through separate events. The finding of another patient with the p.V80G mutation from the small in-bred Vanika Vaisya community, in addition to the two we have reported earlier (20) , reinforces the suggestion that it is a founder mutation.
Our study has certain limitations. While the study includes patients from different regions of India, it may not adequately reflect the complex overall clinical or genetic spectrum of the disorder in the country. In addition, despite using a common protocol for data collection and follow-up, some differences in data collection may have arisen in various centres. Lastly, sera or DNA samples were not available in all patients.
In summary, APS1 patients in this report were genetically heterogeneous, and while many AIRE mutations were similar to those in European Caucasian subjects, novel and founder mutations were detected. The clinical features varied widely, and there were both similarities and differences from patients of European origin. A high mortality at a young age was observed, underscoring the difficulties of management of this rare disorder in resource-limited circumstances.
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